A B S T R A C T When Escherichia coli was grown in sublethal concentrations of streptomycin, mannose binding activity and epithelial cell adherence of the E. coli cultures at stationary phase were significantly reduced in the drug-grown organisms. In a strain whose minimal inhibitory concentrations was 30 gg/ml, the percentage of reduction in mannose binding activity was dose related over a range of concentrations between 0.5 and 10 ,ug/ml streptomycin. Concomitant with the drug-induced suppression ofmannose binding activity, antigenic and ultrastructural alterations on the surface of the drug-grown organisms were observed by agglutination tests and electron microscopy, respectively.
INTRO D UCTION
The clinically important effect of antibiotics oni bacterial isolates classically has been considered to be the relative ability of the antibiotic to either kill or completely inhibit the growth of the organism. The measurement of these abilities is referred to as miinimial bactericidal concentration (MBC)1 or minimal inhibitory concentration (MIC), respectively. At cooncentrations below the lethal or inhibitory levels, there are still demonstrable effects, such as decreased rate of growth or altered morphology. Several investigators have used the term "mininimal active concentration" and defined it as the minimal drug concentration producing either a change in morphology seen by light or electron microscopy, or growth inhibition of at least one logarithm compared to control cultures without drug (1) .
Little is knowni about the effect of sublethal conicentrations of antibiotics on the expression or production of specific determinants of pathogenicity, which might impair the infectivity, rather than the replication, ofthe parasite. The infectious process is considered to be a chain of multiple steps initiated in most cases by bacterial colonization of mucosal surfaces (2) . This first step in tissue invasion or damage most likely begins with the adherence of bacteria to epithelial cells of the host mucosa (3) . We recently reported that penicillin caused nongrowing (stationary phase) streptococci to lose cell wall lipoteichoic acid, a mediator ofadherence of streptococci to epithelial cells (4) ; the loss of lipoteichoic acid resulted in a loss of adhering ability.
Sugar residues on the surface of the epithelial cells have been shown to serve as receptors for the binding of certain bacteria (5) . In the case of Escherichia coli, it has been shown that the organisms contain a lectinlike substance which binds the bacteria specifically to mannose residues on epithelial cells (6) . Recently we found that mannose binding activity ofintact organisms could be monitored by aggregometry employing mannan-containing yeast cells. The degree of aggregation was shown to correlate with the ability ofthe organisms to adhere to mannose residues on epithelial cells (7) .
The purpose of this investigation was to analyze the sublethal effects of streptomycin on the ability of growing E. coli to bind mannose residues and adhere to human epithelial cells. Streptomycin was chosen as a prototype aminoglycoside antibiotic because its mode of action on ribosomal translation of messenger RNA (mRNA) is the best studied of all inhibitors of protein synthesis in susceptible bacteria (8) (9) (10) . We were able to quantitate a novel effect ofsublethal levels ofstreptomycin on E. coli as manifested by loss of mannosemediated adherence to human epithelial cells, and to correlate this effect with antigenic and anatomic alterations of the bacterial surface. Furthermore, this effect was shown to follow the classical mechanism ofstreptomycin action (8) (9) (10) Cultural conditions and growth studies. E. coli strains were subcultured 1:100 from stationary phase broth cultures to 100 ml of fresh nutrient broth and incubated at 37°C to early visible growth, typically 2 h, or for shorter periods of time. Aliquots of 0.05 ml were then further subcultured in a total of 5 ml broth with increasing concentrations of streptomycin, or without drug as a control. Experiments were typically run in duplicate or triplicate and included samples with sufficient antibiotic levels to determine the MIC. In several experiments, minimal media Davis (Difco Laboratories) replaced the nutrient broth.
Cultures were incubated in a water bath at 37°C for 48 h. Growth was monitored every 15 min to 1 h for the 1st 5 h and then at 24 and 48 h either by absorbance on a junior Coleman spectrophotometer (Coleman Systems, Irvine, Calif.) at 550 nm or by optical density on a Klett-Summerson colorimeter (Klett Manufacturing Co., New York) with No. 540 filter. In some experiments organisms were harvested by centrifugation, washed three times in 0.02 M phosphate-0.15 NaCl, pH 7.2 phosphate-buffered saline (PBS), and resuspended in the same buffer. The concentration of bacteria in the suspensions were determined by direct counts in a Petroff-Hausser chamber (C. A. Hausser and Son, Philadelphia, Pa.), by optical density measurements, or by viable counts by standard dilution plating technique. For the E. coli used in these experiments, 109 CFU were equivalent to a Klett of 100 or an OD of 0.3 at 550 nm.
Determination of protein and DNA synthesis. E. coli MStrs was subcultured as above in 125 ml nutrient broth, grown for 90 min at 37°C, and then supplemented with 0.1 mCi of [3H]thymidine (New England Nuclear, Boston, Mass.; sp act 28.5 Ci/mmol) and 0.01 mCi of [14C]leucine (New England Nuclear; sp act 54.4 mCi/mmol). After 20 min further growth at 37°C, 15-ml aliquots in replicate were distributed to screwtopped test tubes to reach a total volume per tube of 20 ml at streptomycin concentrations of: 0, 0.5, 2, and 10 ,uglml.
Yeast cell aggregation tests. Candida yeast cells harvested from 2 liters of broth were washed twice with PBS and resuspended in 100 ml PBS containing 0.1% gluteraldehyde. The mixture was stirred for 1 h at room temperature, sedimented, and washed again with PBS, resuspended in 100 ml PBS containing 0.1 M glycine, and stirred for 30 min at 23°C. The cells were then harvested, washed twice; and resuspended in PBS to a concentration of 2 x 107 yeast cells/ml, using a hemocytometer for counting. After adding sodium azide (0.02%) as preservative, the yeast cell suspension was stored at 4°C for up to 2 mo before use.
Aggregation of yeast cells was monitored in a Payton Aggregometer model 300A (Payton Associates, Buffalo, N.Y.) according to a turbidometric method (11) . Aliquots (0.5 ml) of the standard yeast cell suspension were pipetted into 8 x 45-mm glass cuvettes and stirred at a constant speed of 800 rpm at room temperature. The aggregometer was adjusted to read 30% transmission for the yeast cells suspension and 90% for PBS. After establishing a stable base line, test organisms, 15 x 107 bacteria in 10-,ul vol, were added. As aggregation proceeded, the change in percentage of transmission was continuously recorded as a function of time using a Goertz (Gelman Instruments Co., Ann Arbor, Mich.) recorder. Recently we have shown that the velocity of aggregation is proportional to the number ofbacteria added and to the ability of these organisms to adhere to epithelial cells (7) .
Slide agglutination tests. Glass slide agglutination was performed by mixing equal volumes (10 ,u) No difference in YAP was noted when dilutions were made directly from cultures or from prewashed bacteria.
Tests of reversibility of mannose binding activity. Organisms were grown in 5 ml BHI in routine fashioni with the following streptomycin concentrations: 0, 2, 5, and 10 ,ug/ml. The YAP of each culture was determined after 48 h. The samples were then washed thrice in PBS, resuspended in 5 ml BHI to _107 CFU/ml, and incubated for an additional 48-h growth (first subculture). Each of these subcultures was tested for YAP, subcultured 1:100 to fresh BHI (second subculture), and grown 48 h. The YAPs of the second subculture were then determined. Relative YAP was defined as: (YAP of 48-h antibiotic-grown organisms/YAP of48-h organisms growni without antibiotic) x 100. After each of the two serial subcultures to drug-free broth, the above numerator was chaniged to:
YAP of 48-h subcultured organisms derived from the initial antibiotic-containing culture.
Adherence tests. The experiments were performed by methods described previously (13) . Briefly, 0.5 ml of a suspension of epithelial cells (2 x 105 cells/ml in PBS) from the buccal mucosa of one of us (Dr. Ofek) was mixed with 0.5 ml of washed E. coli adjusted to 1-2 x 108 bacteria/ml. The mixture was rotated end-over-end for 30 min at room temperature. The epithelial cells were separated from nonadherent bacteria by repeated differential centrifugation, resuspended in 0.05 ml PBS, and smeared on a glass microscope slidle. After dlrying, the preparation was stained with gentian violet and examined with a bright field microscope. Slides containing more than four nonadherent bacteria per oil immersion field were omitted from analysis. Adherence was recorded as the average number of bacteria (+SE) per epithelial cell of 20 counted cells. A control sample of epithelial cells without added bacteria was always counted concurrently. Results of adherence tests were omitted when the background counts exceeded five bacteria/epithelial cell.
Preparation of rabbit antisera. E. coli M-Strs was harvested from a 48-h culture in nutrient broth without added antibiotic, washed thrice, and resuspended in PBS. One rabbit was injected intravenously with 0.5 ml ofthe E. coli suspension (2 x 109 bacteria/ml) thrice weekly for 2 consecutive wk. Immune serum was collected at 4 wk and diluted 1:20 in PBS. An aliquot of immune serum was serially absorbed with washed E. coli M-Strs grown in the presence of 10 ,tg/ml streptomycin until it no longer agglutinated drug-treated bacteria. The preimmune, unabsorbed, and absorbed antisera were treated with papain by the method of Porter (14) except that no attempt was made to separate the Fab from Fc fragments.
Inhibition of epithelial cell adherence by papain-treated sera. 0.05-ml aliquots of papain-cleaved sera were added at the desired dilution to 0.025 ml of drug-free-grown bacteria (2 x 108 bacteria/ml in PBS). After 10 min incubation at 22°C, 0.025 ml of a suspension of epithelial cells (106 cells/ml in PBS) was added. The remainder of the procedure to evaluate adherence was as described above except that only one differential centrifugation was performed. As controls, methyl a-D-mannopyranoside (a-MM) at a final concentration of 2.5% or PBS alone were used instead of sera.
Ultrastructural studies of bacterial cell walls and piliation by electron microscopy. Thin-section studies of the variously treated E. coli were prepared and examined according to previously described methods (15) . Briefly, cells were fixed for 4 Preparation of pili. A partially purifie(d preparatioin of pili from E. coli in drug-free broth was prepared as previously (lescribed (18) . Briefly washed l)acteria from a 15-liter broth culture were blended for 2 min, the (lepiliate(l bacteria vere centrifuged out, and the stuperniate was subjected to serial cycles of 10% ammlloniumn sulfate precipitationi. The finial pili precipitate was dlissolvedI in PBS, dialyzed against dlistille(d water, and lyophilized.
Hemagglutination. Hemlagglutination of guinlea pig erythrocytes by E. coli pili was performed by the methodl of Salit and Gotschlich (18) . Inhibition of hemalggluitniiationi was done as follows: 15 ,ul of 1 mg/mill of pili was Imlixed with 15 Al of either PBS, 2.5% mannose solution, or serial dilution.s of pre-or postimmune sera and incubated for 30 mIn at 22°C in microtiter wells. 10 Al of washed guinea pig erythrocvtes was added to all wells aind the mixtures were gently agitated and incubated for an additional 2-3 h at which time hemagglutination was recorded. All solutioniis and dilutions were prepared in PBS.
RESULTS
Growth effects induced by sublethal concenttratiotns of streptomycin. During the logarithmiiic phase of growth, bacterial protein synthesis (['4C]leucine incorporation) closely paralleled total bacterial mass (turbidity), and was preceded by DNA synthesis ([3H]-thymidine incorporation) for both drug-free and 2 ,ug/ ml streptomycin-grown bacteria (Fig. 1) . Viable counts, at 24 and 48 h, were proportional to total bacterial mass for the cultures grown without drug or with 2 ,ug/ ml of streptomycin, but only 25-50% of that predicted by turbidity for the cultures grown with 10 ,ug/ml ofthe drug. Total suppression of bacterial growth occurred at 30 ,tg/ml streptomycin (MIC). We employ the term sublethal concentration to denote any dose of streptomycin below the MBC or MIC (30 ,ug/ml), though death of a significant proportion of the cell population still occurred at 10 ,tg/ml. Slight growth suppression without bacterial killing occurred at 2 pug/ml antibiotic. MICs remained stable throughout these studies. grown with and without streptomycin were assayed for inannose binding activity. Compared to the control organismiis, E. coli grown in sublethal amounts of streptomycin lost their miannose binding activity, as indicated by both rate (Fig. 2) and miagnitude (Table I) aIbility in the antil)iotic-grown E. coli (Fig. 3) The ce(quisitioni of pili paralleledl the time-dependent inierease of' imantnilose binding activity (Table I) . WVhei these studlies were repeatedl multiple times, there was a strong positive correlation between (legree of piliationi andi(I miianniose b)indling activity (r = 0.75, n = 17, P < 0.001). Of note was an apparent threshold requirement of 50-60% piliation before the development of measurable mannose binding activity.
Cultures grown in the presence of streptomycin for 48 h had a reduction in piliation that was positively correlated with reduced mannose binding activity (r = 0.35, n = 52, P < 0.05).
Reduced ability ofstreptomycin-grown E. coli to adhere to human epithelial cells. Adherence to epithelial cells of E. coli M-Strs was found to be mannosesensitive: 51+7, 7+4, and 56+8 bacteria/epithelial cell in the presence of PBS, 2.5% a-MM, and 2.5% methyl a-D-glucopyranoside, respectively, indicating that epithelial cell adherence of this strain is mediated by mannose residues on epithelial cells (6) . We found that the reduced ability of bacteria grown in sublethal concentrations of streptomycin to adhere to human cr 10,000- (Fig. 4) .
Epithelial adherence, mannose binding activity, and piliation in a streptomycin-resistant derivative. All previously known consequences of streptomycin action require streptomycin receptors on bacterial ribosomes and single-step, highly resistant mutants are believed to lack these receptors (19) . To determine whether the sublethal antibiotic effect required the classic streptomycin target site, we employed an StrR isogenic mutant of E. coli M-Str5. This highly resistant derivate was readily selected from a large population of the cloned, sensitive M-Str5 by growing the parent population on agar plates containing a concentration of streptomycin greatly in excess of the MIIC. The purified, cloned derivative, M-StrR, possessed a similar degree of piliation, yeast cell agglutinating (mannose binding), and epithelial cell adhering ability as the parent strain, M-Str5. We found that enormous concentrations of streptomycin (up to 10,000 ,ug/ml) caused minimal loss of epithelial cell adherence and mannose binding (Table II) . Although pili were present it was difficult to quantitate accurately the degree of piliation when bacteria were grown in high drug concentrations (.5 ug/ml) due to large electron dense deposits on bacterial surfaces. Effects of altered growth conditions on streptomycin action. The timing of the addition of streptomycin in a growing culture determined the magnitude of its effect; the earlier the addition, the greater the effect. As much as 10 ,ug/ml antibiotic, when added to growing bacteria after the culture had passed midlog phase (about 5 x 108 CFU/ml), did not prevent the subsequent acquisition of mannose binding activity. The sublethal effects of streptomycin also were observed when E. coli were grown in minimal medium iinstead of BHI.
Reversal of sublethal effects upon subculture to antibiotic-free broth. To determine the reversibility of the streptomycin-induced suppression of mannose binding activity, we subcultured serially the antibiotictreated samples into drug-free media. All cultures recovered full activity; the rapidity of the recovery process was inversely proportional to the concentration ofdrug used initially (Table III) . Piliation returned to -90% in all drug-treated cultures after their first 48-h subculture to drug-free medium.
Antigenic alterations induced by sublethal streptomycin. Rabbit antiserum, raised by immunization with E. coli M-Strs grown without antibiotic, was serially absorbed with washed E. coli M-Strs grown in the presence of 10 ,ug/ml streptomycin. The druggrown bacteria used for absorption were only 11% piliated. The absorbed serum lost all agglutinating activity against the absorbing phenotype (antibioticgrown M-Strs), but maintained a high titer of activity against the immunizing phenotype (drug-free-grown M-Strs) (Fig. 5) . Apparently, growth under antibiotic pressure caused M-Strs to lose a reactive antigen(s) concomnitant with the organism's loss of mannose binding activity. (12, 18). The pili preparation (shown in Fig. 6 ) caused hemagglutination which was inhibited by mannose. The absorbed but not the preimmune serum, when preincubated with the pilus preparation, inhibited the pilus-mediated hemagglutination up to a dilution of 1:100. The papain-cleaved antisera (absorbed and unabsorbed) lost their ability to agglutinate drug-freegrown bacteria but were able, at a dilution of 1:10, to inhibit agglutination of these bacteria by the nonpapain-cleaved antisera indicating that there were Fab anti-E. coli fragments in the enzyme-treated sera. Significant inhibition ofE. coli adherence, comparable to that obtained by a-MM, was obtained in the presence of papain-cleaved absorbed and unabsorbed, but not preimmune, antisera (Table IV) . Taken together the results indicate that epithelial adherence was lost in the drug-grown organisms concomitant with loss of pilus antigen and mannose binding activity. Cell wall alterations induced by growth in streptomycin. Ultrastructural studies of thin sections of E. coli revealed two apparent alterations in the druggrown organisms: (a) the cell cytoplasm was somewhat retracted from the overlying membrane, and (b) the outline of the inner membrane was less distinct than that of the drug-free-grown strain (Fig. 7) . Whether or not these changes might reflect changes in the bacterial location responsible for synthesis of ligand (e.g., pili), requires further investigation. In some samples (not shown), blebs were seen on the cell surface, similar to previous observations by Iida and Koike (20) .
DISCUSSION
In this study we have demonstrated that streptomycin can alter E. coli adhering ability at drug concentrations significantly below the MIC. We previously showed that adherence of several laboratory strains (6) and most clinical isolates (7) ofE. coli to human epithelial cells is mannose sensitive and mediated by the interaction of mannose-bearing receptors on epithelial cells with a lectin-like protein, specific for mannose, on the bacterial surface. In this investigation we demonstrated that the epithelial cell adherence of the strain employed also was mannose sensitive and that (19) , thereby interfering with normal translation of mRNA (10) . The suppression of mannose-binding activity by streptomycin was probably mediated by this classical mechanism because the effect was: (a) reversible and therefore probably not dependent on selection of a mutant, (b) seen only in growing organisms, and (c) not seen with the antibiotic-resistant mutant. Although the suppression of ligand was deteced at doses of antibiotic below that which caused noticeable effect on growth, the degree of ligand suppression was greater as the streptomycin dose increased to affect the growth rate. Moreover, there was no direct effect on ligand by antibiotic: even high doses of streptomycin were ineffective once mannose-binding activity was present and no liberation of ligand could be detected in the media of drug-treated cultures. Taken together the results indicate that suppression of mannose binding activity was due to either inhibition or distortion of mRNA translation, but do not distinguish clearly between the two streptomycin actions on bacterial ribosomes. Nevertheless, we infer that distortion rather than inhibition of protein synthesis was responsible for the streptomycin effect on mannose binding activity. This notion is supported by previous studies (21) (22) (23) of the effects of streptomycin on protein synthesis, both with intact E. coli and in a cell-free system of protein synthesis. Gorini and Kataja (21) showed that a mutant strain of E. coli grown with antibiotic under conditions where no killing occurred demonstrated a dose-dependent formation of abnormal proteins in the cell with limitation of further growth. Bissell (22) showed that wildtype E. coli B, when grown in streptomycin at low concentration (2 ,ug/ml), synthesized aberrent enzymes. Davies et al. (23) reported that when antibiotic was added to synthetic messenger in a cell-free system of protein synthesis, the drug caused extensive misreading, i.e., incorporation of incorrect amino acids. These effects have been interpreted to be the consequence of streptomycin-induced distortion of the fiedlity of the translation of mRNA. Like the antibiotic effect observed in this study, the misreading effect was obtained at sublethal concentrations of antibiotic and was reversible, and total protein synthesis was unaffected.
Definitive proof that sublethal amounts of streptomycin caused misreading of mRNA responsible for ligand synthesis would require isolation and comparison of the lectin-like substance from drug-free bacteria with its anatomic counterpart on the drugtreated phenotype which is deficient in ligand activity. Recent evidence suggests that in E. coli the mannosesensitive ligand is a protein and resides on the type 1 pilus (18 FIGURE 7 Thin-section ultrastructure of E. coli M-Strs grown in drug-free me(dia (A) anid in 10 ,ug/ml streptomycin (B). x 10,000. Note plasmolysis (B) and loss of lefinition of iinner membrane (inset, B) of drug-grown organisms. x 150,000. Appearaniee of innler membraie of'E. coli growln in drug-free media, is indicated by arrows (inset, A). x 150,000.
hemagglutination, and antiligand activity, as measured by an adherence inhibition assay.
Two aspects of this investigation deserve mention. First, sublethal concentrations of streptomycin and related antibiotics may reach mucosal surfaces intermittently during a typical course oftherapy and thereby interfere with the ability of E. coli to colonize these surfaces. Second, the use of inhibitors of the mannosespecific ligand, and possibly of other bacterial substances important for adherence, may provide a tool for the elucidation of the genetic and biochemical bases of bacterial factors responsible for mucosal colonization.
